ABSTRACT: Many areas of the western United States have soils that have increased Se content, and ruminants grazing these rangelands may ingest increased quantities of Se. In addition, high-energy diets or increased Se intake may induce gut inflammation. The objective of this study was to evaluate the effects of maternal plane of nutrition and increased dietary Se during gestation on inflammatory responses in neonatal lamb ileal tissue, a major immune organ. Rambouillet ewes (age = 240 ± 17 d; initial BW = 52.1 ± 6.2 kg) were allocated to 4 treatments arranged in a 2 × 2 factorial. Factors included Se [adequate Se (ASe, 11.5 µg/ kg of BW) or high Se (HSe, 77.0 µg/kg of BW)] initiated at breeding, and nutritional plane [100% (CON) or 140% (HIH) of requirements] initiated at d 40 of gestation. Ewes were fed individually from d 40, and lambs were removed at parturition and fed artificial colostrum and milk replacer. Lambs were necropsied at 20 d of age, and ileal tissues were sampled for immunoblotting and real-time quantitative reverse-transcription PCR analyses. The ASe-HIH and HSe-CON treatments had no effect (P = 0.179) on inflammatory signaling compared with ASe-CON. However, greater inflammatory signaling was detected in the HSe-HIH group, as shown by increased (P < 0.05) mRNA expression of tumor necrosis factor-α and chemotaxis IL-8. Consistently, phosphorylation of c-Jun N-terminal kinase, a primary inflammatory signaling mediator, was greater (P < 0.05) in the HSe-HIH group compared with other treatments. Consistent with cytokine expression, mast cell density was less in the HSe-CON group than in other treatments. The expression of transforming growth factor β mRNA was greater (P < 0.05) in the HSe-HIH group; consistently, collagen content was increased in the HSe-HIH group compared with the ASe-CON group (P < 0.05). In conclusion, independently, neither HSe nor HIH had major effects on inflammation, but in combination, these maternal treatments induced an inflammatory response in the neonatal intestine.
INTRODUCTION
Selenium is a trace mineral present in the soil in differing abundance around the world, with regions in the Western and North Central United States having increased soil Se concentrations. Soil Se concentrations can directly affect the Se concentration in the plants consumed by grazing ruminants. Adequate dietary Se is necessary for proper growth, reproduction, and performance, and Se deficiency results in debilitating and fatal disease conditions in human and animals (Levander and Burk, 1986) , whereas excessive intake of Se causes toxicity (Schwarz et al., 1957; Neville et al., 2008) . Improper maternal nutrient supply during gestation affects fetal gut development (Trahair et al., 1997) and neonatal and postnatal outcomes (Wu et al., 2006) . Recent data (Neville et al., 2008) have shown that supranutritional amounts of Se in the maternal diet can affect fetal intestinal vascular endothelial growth factor mRNA expression, but their effect on postnatal intestinal inflammatory responses have not been evaluated.
Selenium helps to maintain the reduction-oxidation balance inside cells and influences immune responses through its incorporation into selenoproteins as the AA selenocysteine and selenomethionine. Dietary Se supplementation can have anti-inflammatory effects (Duntas, 2006; Molnar et al., 2008) . High-energy diets are known to induce inflammation (Devaraj et al., 2008; Chess et al., 2009; Grayson et al., 2010) . Nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) and c-Jun N-terminal kinase (JNK) pathways are key pathways regulating the inflammatory response. The gut is one of the major immune organs, and its inflammation leads to an accumulation of mast cells, which regulate immune system development (Bischoff and Kramer, 2007; Bischoff, 2009) . We hypothesized that a greater maternal nutritional plane and increased Se negatively change the development of the fetal gut immune system and result in inflammation of the gut in lambs at 20 d of age.
MATERIALS AND METHODS
Institutional Animal Care and Use Committees at North Dakota State University (Fargo) and the USDA, ARS, US Sheep Experiment Station (Dubois, ID), approved animal care and use for this study.
Care and Use of Animals
Details of the diets and animal care were reported previously (Meyer et al., 2010) , and diets are presented in Table 1 . The work presented here was part of a large study, with other data from this effort being published previously (Meyer et al., 2010) . Briefly, Rambouillet ewes (age = 240 ± 17 d; initial BW = 52.1 ± 6.2 kg) were randomly allocated to 4 treatments arranged in a 2 × 2 factorial, n = 8 per treatment. 
Lamb Management and Tissue Collection
Detailed procedures for lamb management have been described previously (Meyer et al., 2010) . Briefly, lambs were removed from their dams before being allowed to suckle and were towel dried and processed. Lambs were fed artificial colostrum (Acquire, APC Inc., Ankeny, IA) within 30 min of birth and at 6 additional times by 20 h postpartum to achieve 10.64 g of IgG/kg of BW (19.1 mL of colostrum/kg of BW for the first 2 feedings and 25.5 mL of colostrum/kg of BW in subsequent feedings). At 24 h, lambs were transitioned to milk replacer (Super Lamb Instant Milk Replacer, Merrick's Inc., Middleton, WI) and fed from a bottle until a strong suckling response was observed. Once this occurred, lambs were moved to a pen with free access to water and creep feed and adapted to a teat bucket system for ad libitum access to milk replacer. Lambs within each Se and nutritional plane treatment were necropsied at 20.6 ± 0.9 d of age (Meyer et al., 2010) . Ileum tissues were collected, immediately snap frozen, and stored at −80°C for biochemical analysis. Eight lambs of singleton birth within each Se and nutritional plane treatment were used for this study. Lamb sex was balanced between treatment groups (5 females and 3 males in each group).
Antibodies
Antibodies against stress-activated protein kinase/ JNK (catalog No. 9252), phospho-stress-activated protein kinase/JNK (Thr183/Tyr185; catalog No. 9251), and transforming growth factor β (TGF-β; catalog No. 3709) were purchased from Cell Signaling (Danvers, 
Mast Cell Staining and Quantification
The terminal neonatal ileum samples were fixed in 4% (wt/vol) paraformaldehyde in phosphate buffer (0.12 M; pH 7.4), embedded in paraffin, and sectioned into 5-µm sections. Twelve sections evenly spaced over a 450-µm area of each ileum sample were stained for mast cells. Sections were rehydrated by a series of incubations in xylene-ethanol solutions and stained with Alcian blue-Safrani, pH 1.42 (Csaba, 1990) , which stains mucosal mast cells blue and connective mast cells red (Michaloudi and Papadopoulos, 1999) . Five fields per sample were randomly selected for quantification of the mast cell-to-total area ratio using Image J 1.30v software (National Institutes of Health, Bethesda, MD).
Real-Time Quantitative ReverseTranscription PCR
Total RNA was extracted using Trizol Reagent (Sigma), treated with DNase I (Qiagen, Valencia, CA), and purified with an RNeasy Mini Kit (Qiagen). The cDNA was synthesized with a SuperScript III First-Strand Synthesis Kit (Invitrogen, Carlsbad, CA). Real-time quantitative reverse-transcription PCR was conducted on a Bio-Rad CXF96 thermocycler (Bio-Rad Laboratories, Hercules, CA) using β-tubulin as the housekeeping gene. The primers are listed in Table 2 . A SYBR Green Master Mix (Bio-Rad Laboratories) was used in all PCR reactions (15 µL total volume). The final primer concentration was 200 nM for each gene. The amplification efficiency was 0.90 to 0.99. The real-time quantitative reverse-transcription PCR conditions were 95°C for 3 min; 35 cycles of 95°C for 10 s, 56°C for 10 s, and 72°C for 10 s. At the end of each run, dissociation melt curves were obtained to confirm the purity of PCR products (Zhu et al., 2010) .
Immunoblotting Analysis
Immunoblot analysis was conducted according to procedures described previously (Zhu et al., 2006 (Zhu et al., , 2008 . Membranes were visualized by an Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE). Density of bands was quantified and then normalized with reference to β-tubulin content.
Collagen Content Analyses
Intestine samples were ground and dried in a convection oven at 60°C, and the samples were weighed and hydrolyzed in 6 N HCl at 105°C for 16 h. An aliquot was removed for hydroxyproline determination using the method of Woessner (1961) . Collagen concentration (mg/g of sample weight) was calculated assuming that collagen weighed 7.25 times the measured weight of hydroxyproline.
Statistical Analysis
Statistical analyses were conducted as described in a previous study using the same sheep model (Meyer et al., 2010) . Briefly, each lamb from a different ewe was considered an experimental unit. Data were analyzed for a 2 × 2 factorial arrangement of treatments using the MIXED procedure (SAS Inst. Inc., Cary, NC). Ewe gestational Se supply (ASe vs. HSe), nutritional plane (CON vs. HIH), and their interactions were used as fixed effects in the model for all analyses. Mean ± SEM were reported and means were separated by LSD multiple comparisons. Statistical significance was considered as P < 0.05 and tendencies were considered as P < 0.10. 
CD14
= cluster of differentiation 14; TLR2 = Toll-like receptor 2; TLR4 = Toll-like receptor 4; TNF-α = tumor necrosis factor α; TGF-β = transforming growth factor β.
RESULTS

Excessive Se Uptake Enhanced Inflammatory Response
A high nutritional plane during gestation alone did not affect the proinflammatory cytokines IL-6 or tumor necrosis factor (TNF) α but did increase (P = 0.05) IL-8 mRNA expression, whereas an increased Se supply increased (P = 0.007) TNF-α mRNA expression (Table 3 ). In addition, the interaction of Se supply × nutritional plane was significant for cytokine IL-6 (P = 0.001), IL-8 (P = 0.01), and TNF-α (P = 0.008) mRNA expression. The proinflammatory cytokines IL-8 and TNF-α in HSe-HIH were enhanced (P < 0.05) compared with those in other treatments (HSe-HIH vs. ASe-CON, ASe-HIH, HSe-CON: IL-8: 1.53 ± 0.20 vs. 1.00 ± 0.20, 0.88 ± 0.21, 0.59 ± 0.21; and TNF-α: 1.42 ± 0.20 vs. 1.00 ± 0.10, 0.76 ± 0.21, 0.91 ± 0.21), whereas IL-6 in HSe-HIH were enhanced (P < 0.05) compared with the Ase-HIH and HSe-CON treatments (HSe-HIH vs. ASe-CON, ASe-HIH, HSe-CON: 1.16 ± 0.12 vs. 1.00 ± 0.12, 0.54 ± 0.13, 0.63 ± 0.12). These results suggested that the high maternal nutritional plane during gestation plus increased Se provoked an inflammatory response in the ileum of 20-d-old lambs.
Toll-like receptor (TLR) 2 and TLR4 are activated by fatty acids, which induce inflammatory signaling. In the absence of nutritional plane × Se interactions, neither supranutritional Se supply nor HIH during gestation had an effect on TLR2 and TLR4 mRNA expression (Table 3) . As indicated in Table 3 , HIH had no effect on mRNA expression of cluster of differentiation (CD) 14, but HSe tended to increase the mRNA expression of CD14, a coreceptor of TLR4 (P = 0.06).
The JNK signaling pathway is a key pathway mediating inflammatory responses. The treatments of supranutritional Se alone, a high nutrition plane alone, and their interaction did not affect the phosphorylation of JNK or total JNK protein content. However, HIH in combination with HSe increased the phospho-JNK-to-JNK ratio (P < 0.05), which indicates enhanced JNK signaling (Figure 1 ).
Excessive Se Uptake Enhanced TGF-β and Collagen Synthesis
Inflammatory responses activate TGF-β signaling and fibrosis. To test whether there was enhanced TGF-β signaling, we analyzed both the mRNA expression and protein content of TGF-β. Neither HSe nor HIH had effects on TGF-β mRNA and protein contents (data not shown). However, there was a Se supply × nutritional plane interaction (P = 0.011) for TGF-β mRNA expression, and there tended to be an interaction (P = 0.09) for TGF-β protein. As shown in Figure  2 , HSe-HIH increased (P < 0.05) mRNA expression compared with ASe-HIH and HSe-CON. Additionally, the relative TGF-β protein content in ileal tissues was greater in 20-d-old offspring from ewes fed ASe-HIH compared with those fed ASe-CON.
The inflammatory response leads to fibrosis, which is regulated by TGF-β and mitogen-activated protein kinase p38 stress-signaling pathways. Fibrosis is characterized by the accumulation of collagen in tissues. Therefore, collagen content was analyzed further. No HSe supply × nutritional plane interactions were observed for collagen content. An increased Se supply increased collagen content (7.20 ± 0.33 vs. 6.23 ± 0.33, P = 0.05). Even though no interactions were observed, collagen content was increased in the HSe-HIH group compared with the ASe-CON group (P < 0.05; Figure  3 ). Collagen content was also greater in the ASe-HIH and HSe-CON groups compared with the ASe-CON group.
Mast Cell Counts in the Neonatal Terminal Ileum
Intestinal mucosal inflammation leads to mast cell accumulation. A Se supply × nutritional plane interaction (P = 0.004) was observed for mast cell count. A greater dietary nutritional supply increased the mast cell count (6.92 ± 0.36 vs. 5.74 ± 0 0.32, P = 0.023). Mast cells were reduced in the HSe-CON group compared with the ASe-CON, ASe-HIH, and HSe-HIH groups (Figure 4) . 
DISCUSSION
Effect of Maternal Nutritional Plane on Intestinal Inflammation in Neonatal Offspring
The immune system within the fetal intestine begins to show observable development during midgestation and matures after exposure to microflora postnatally (Griebel et al., 1993) . At approximately d 80, intraepithelial lymphocytes appear, and from d 90 to 100, lymphoid aggregations become present in both proximal and distal regions of the developing sheep small intestine (Trahair and Sangild, 2002) . The lymphoid tissues that develop in the fetal intestine include lymphoid follicles along the large intestine and Peyer's patches in the ileum. Toll-like receptors (TLR2 and TLR4) belong to a family of pattern recognition receptors playing an important role in inducing inflammation (Akira et al., 2001) , and CD14 is a coreceptor of TLR mediating inflammatory signaling (von Meyenburg et al., 2004) . Toll-like receptor 4 is activated by FFA that are constantly released from adipocytes (Reyna et al., 2008) , linking TLR4 to intake of high-energy diets and obesity (Shi et al., 2006; Kim et al., 2007; Schaeffler et al., 2008) . The JNK and NF-κB pathways mediate downstream signaling of TLR2 and TLR4 (Yuan et al., 2001; Nguyen et al., 2007) . In a previous study, we observed that a maternal high-energy diet induced inflammation in the fetal gut in late gestation, activating both the NF-κB and JNK signaling pathways (Yan et al., 2011) . Both TLR2 and TLR4 were upregulated in the fetal intestine of mothers receiving HIH (Yan et al., 2011) . However, in the present study, no difference in TLR2 and TLR4 expression and JNK signaling pathways was observed between lambs from the ASe-CON and ASe-HIH treatments, suggesting the maternal plane of nutrition may not have been high enough to elicit these responses. Similarly, mRNA expression of CD14 did not differ because of maternal plane of nutrition but tended to be greater in the gut of offspring from ewes fed HSe.
No difference was observed in expression of the proinflammatory cytokines TNF-α and IL-8 between the ASe-CON and ASe-HIH treatments. The proinflammatory cytokine profiles were consistent with mast cell density in the intestine. An accumulation of mast cells is associated with inflammation (Söderholm et al., 2002; Stoyanova and Gulubova, 2002) . The reason for the lack of difference in inflammatory signaling between ASe-CON and ASe-HIH could be that the plane of maternal nutrition is not high enough or because the maternal nutrition plane treatments were discontinued at birth. In the present study, lambs were removed from their dams at birth and fed common milk replacer diets. Another reason could be that the mothers lacked adequate maternal obesity to elicit this response. In our previous study, ewes were obese, but in this study, provision of a high-energy diet for 40 d after pregnancy only slightly increased BW (CON vs. HIH = 55.3 ± 1.2 vs. 64.2 ± 1.2 kg) and perirenal fat weight (CON vs. HIH = 0.78 ± 0.07 vs. 1.16 ± 0.07 kg) in ewes and caused no difference in lamb birth weight (Meyer et al., 2010) .
Supranutritional Se Intake and Inflammation
The antioxidative properties of Se have been well documented (Duntas, 2006; Molnar et al., 2008) . However, excessive Se can form seleno-compounds that stimulate the generation of free radicals (Yan and Spallholz, 1993; Seko and Imura, 1997; Terada et al., 1999) . Greater concentrations of seleno-compounds lead to the oxidation of glutathione and produce reactive oxygen species (Chen et al., 2007) . In addition, seleno-compounds increase the permeability of mitochondrial membranes, causing them to leak free radicals (Kim et al., 2003) . Therefore, supranutritional Se intake may induce oxidative stress. Because oxidative stress and inflammation are often associated, we proposed that whether excessive Se intake would induce inflammation would depend on the balance between the anti-inflammatory effects of selenoproteins and the oxidative stress induced by the excessive Se compounds themselves.
In the present study, we did not observe an apparent effect of Se alone on the inflammatory response. It is interesting that when combining the HIH and supranutritional Se treatment, enhanced inflammation was detected, as shown by increased expression of inflammatory cytokines and inflammatory signaling. The inflammation was likely due to increased oxidative stress as a result of the ewes being on the HIH treatment. Alternatively, the maternal treatments used in this study could have altered fetal intestinal development in such a way that they were more prone to inflammation at 20 d of age. These data are strong evidence for an effect of maternal diet on the intestinal responses of postnatal offspring.
Enhancement of TGF-β Signaling and Collagen Accumulation
Inflammation enhances TGF-β signaling, which leads to fibrogenesis and an accumulation of collagen in the gut (Van Assche et al., 2004) . In the present study, we observed an increased collagen content in lambs from dams receiving both HIH and HSe. We hypothesized that the greater maternal nutritional plane would induce inflammation in the fetal intestine, which would promote TGF-β signaling and collagen accumulation. We also proposed that supranutritional Se might either reduce or heighten the inflammatory response, depending on physiological circumstances. In this case, the inflammatory response was greatest in intestinal tissues of offspring from dams on the HIH plane of nutrition and receiving supranutritional Se. We previously observed that a high plane of nutrition could induce inflammation in the large intestine of fetuses at d 135 of gestation and in 2.5-yr-old lambs (Yan et al., 2011) .
In conclusion, our data show that the HIH maternal nutritional plane during gestation did not lead to inflammation in the neonatal ileum. Likewise, supranutritional content of maternal Se intake did not result in an inflammatory response. However, when these 2 factors were combined, there appeared to be a greater inflammatory response in the intestines of offspring, a response that could alter gut immune functions. The gut mucosal immune system is responsible for the defense against significant populations of bacteria and opportunistic pathogens in the gut. Diarrhea (scours) and other intestinal diseases cause major losses to farm animals, especially in neonatal animals. Data from this study suggest that maternal nutrition and Se content could affect development of the fetal gut immune system and neonatal gut immunity, which may be useful for sheep management, especially in areas with high soil Se content, to ensure the gut health of grazing livestock.
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